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Summary
Objective: To apply a pendulum technique to detect changes in the coefﬁcient of friction of the articular cartilage of the intact guinea pig
tibiofemoral joint after proteolytic disruption.
Design: Twenty-two hind limbs were obtained from 11 3-month old Hartley guinea pigs. Twenty knees were block-randomized to one of two
treatment groups receiving injections of: (1) a-chymotrypsin (to disrupt the superﬁcial layer of the articular surface) or (2) saline (sham; to
control for the effects of the intra-articular injection). The legs were mounted in a pendulum where the knee served as the fulcrum. The decay
in pendulum amplitude as a function of oscillation number was ﬁrst recorded and the coefﬁcient of friction of the joint was determined from
these data before injection. Ten microliters of either isotonic saline or 1 Unit/mL a-chymotrypsin was then injected into the intra-articular joint
space and incubated for 2 h. The pendulum test was repeated. Changes in the coefﬁcient of friction between the sham and a-chymotrypsin
joints were compared. One additional pair of knees was used for histological study of the effects of the injections.
Results: Treatment with a-chymotrypsin signiﬁcantly increased the coefﬁcient of friction of the guinea pig knee by 74% while sham treatment
decreased it by 8%. Histological sections using Gomori trichrome stain veriﬁed that the lamina splendens was damaged following treatment
with a-chymotrypsin and not following saline treatment.
Conclusions: Treatment with a-chymotrypsin induces mild cartilage surface damage and increases the coefﬁcient of friction in the Hartley
guinea pig knee.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Cartilage
Repair
SocietyIntroduction
The lubricating mechanisms of articular cartilage are not
well understood. Hydrodynamic lubrication1e4, boundary lu-
brication5e7, elastic deformation8, and ﬂuid pressuriza-
tion9,10 have all been proposed as mechanisms for
decreasing articular surface friction. Since joint velocity
and loading conditions vary greatly between the phases in
the gait cycle, all of these mechanisms most likely contrib-
ute to the low coefﬁcient of friction of articular cartilage.
One challenge in studying joint lubrication is that the
sliding surfaces of the articular cartilage are not planar. Car-
tilage plugs subjected to different loading conditions have
enabled investigators to study the surface properties of
cartilage, however, these measurements do not consider
geometric features or dynamic joint loading of the intact
joint. For this reason, pendulum systems have been
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stand the mechanisms of joint lubrication1e4,11e15.
The changes in the frictional properties of articular carti-
lage associated with osteoarthritis (OA) are not well under-
stood. The Hartley guinea pig is an animal model in which
spontaneous OA progression has been well-documen-
ted16e19. These animals are skeletally mature at 3 months
of age and do not exhibit clinically detectable cartilage de-
generation at that time. Based on the natural history of the
guinea pig knee, this model could be used to establish the
frictional changes that occur with OA progression and pro-
vide insight into the role of altered joint lubrication and
wear in the development of OA. Of particular interest is the
frictional environment of the joint prior to the onset of OA.
Pendulum methods offer a means to assess subtle
changes in the coefﬁcient of friction that may occur prior
to the development of overt histological abnormalities. It is
possible that an acute period of inadequate lubrication
may expose the articular cartilage to frictional damage
that initiates a cascade of structural or metabolic changes
that stimulate cartilage degeneration. Impaired lubricating
ability has been observed in synovial ﬂuid samples taken
from post-traumatic knee effusions, possibly due to inﬂam-
matory destruction of lubricating substances20. Lubrication
deﬁciency may also be independent of injury, and a source309
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degeneration. A pendulum technique could provide an
effective tool for assessing alterations in friction at the
articular surface in intact joints that can then be correlated
with other established modalities for evaluating joint dis-
ease such as histology, biochemical assays, or gross
examination17,18,21,22.
This study examined the effects of brief proteolytic en-
zyme digestion on the frictional properties of normal articu-
lar cartilage in 3-month old Hartley guinea pig knees prior to
the onset of OA. Proteolytic disruption was selected to initi-
ate damage to the lamina splendens, a potential precursor
to post-traumatic OA3,20,23,24. Therefore, the objective of
this study was to apply a modiﬁed Stanton pendulum tech-
nique to determine the effects of proteolytic digestion on the
coefﬁcient of friction of the tibiofemoral joint articulation of
the Hartley guinea pig, ex vivo. The hypotheses were: (1)
that the coefﬁcient of friction of the joint will increase
when the superﬁcial articular surfaces are degraded with
an intra-articular injection of a-chymotrypsin; and (2) that
the coefﬁcient of friction will not change with a sham injec-
tion of normal saline. The change in the knee ﬂexion ampli-
tude with respect to time (i.e., the decay slope) and the
number of oscillations to reach equilibrium were also com-
pared before and after treatment. A histological evaluation
of the tibiofemoral articular cartilage in one pair of knees
was performed following intra-articular injections of saline
or a-chymotrypsin to visualize the damage induced by the
two treatments.
Methods
SPECIMENS
After the study received IACUC approval, the hind legs
were obtained from 11 3-month old male Hartley guinea
pigs immediately following euthanasia. Each knee was im-
mediately dissected to expose the outer joint capsule and
then frozen at 80C until the day of testing. Ten pairs of
limbs were used for the pendulum testing. The additional
pair of limbs (not tested in the pendulum) was used for
the histological analysis.
PENDULUM APPARATUS
A pendulum was designed to swing the tibia relative to
the ﬁxed femur at approximately 1 Hz (actual recorded
mean frequency 1.1 Hz) while a compressive load of
300 g (approximately 0.5 times bodyweight) was main-
tained across the tibiofemoral joint (Fig. 1). The motions
of the tibiofemoral joint were recorded using the Optotrak
System (Northern Digital Inc., Waterloo, Ontario). This sys-
tem measures rigid body motion with 6 degrees of freedom
and has an accuracy and resolution of 0.1 mm and 0.1.
Three infrared light emitting diodes (LEDs) were rigidly
mounted to both the pendulum (tibia) and the base (femur)
to document tibiofemoral joint motion. The wire attachments
to the LEDs were kept tension-free and out of the sweep of
the pendulum by a wire-loop support aligned with the center
of rotation of the pendulum (Fig. 1). The locations of the
LEDs were referenced to an anatomically based coordinate
system prior to performing the tests using the Optotrak
digitizer25,26. Within this coordinate system, the tibia and
femur were identiﬁed as separate rigid bodies and pendu-
lum motion was described relative to the ﬁxed femur.
Pendulum motion was characterized as rotations about theknee: ﬂexioneextension (FeE), internaleexternal (IeE),
and varusevalgus (VeV).
PENDULUM TEST PROTOCOL
On the day of testing, the legs were thawed at room tem-
perature and the distal tibia and proximal femur were potted
in rigid plastic tubes to facilitate mounting in the pendulum.
The femur was secured 45 off the horizontal in the ﬁxed
femoral support, and the tibia was positioned such that
the knee ﬂexion angle was 135 when the pendulum was
at rest (equilibrium) (Fig. 1). This angle was chosen be-
cause it represents the typical weightbearing resting angle
of the guinea pig’s knee joint. Motion was initiated by rotat-
ing the tibia-pendulum 17 (range 16e20) about the FeE
axis relative to its equilibrium position and releasing it via
a gated mechanism.
The coefﬁcient of friction (m) was calculated using Eq. (1):
m¼ DqpeakL=ð4rÞ ð1Þ
where Dqpeak was the change in the peak rotation of the
pendulum per cycle about the FeE axis (Fig. 1), L was
the distance between the pendulum center of gravity and
the center of the FeE axis (L¼ 0.22 m), and r was the ra-
dius of the femoral condyle (r¼ 0.002 m; based on mea-
surements from the condyles sectioned for histology
testing). This equation for calculating the coefﬁcient of fric-
tion has been widely used in studies of articular joints,
and it is based upon the assumption that peak rotation am-
plitude decays linearly with oscillation number3,4,11e13,27.
The 20 knees were block-randomized (within pairs) to one
of two treatment groups: saline injection or a-chymotrypsin
injection. Each leg was initially tested in the pendulum
(ﬁve trials) while data were recorded. Ten microliters of
either a 1 Unit/mL solution of a-chymotrypsin (Sigmae
Aldrich; St Louis, MO; 1 Unit will hydrolyze 1 mmol of BTEE
per min at pH 7.8 at 25C) or 10 mL of normal saline
(sham; to control for the effects of the intra-articular injection)
was then injected through the joint capsule into the intra-
articular joint space. The knee was incubated at room tem-
perature for 2 h. The pendulum test was repeated (ﬁve trials).
Fig. 1. A schematic of the pendulum apparatus is shown. The guinea
pig knee joint served as the fulcrum.
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The coefﬁcient of friction, decay slope, and the number of
oscillations to reach equilibrium were calculated for each
group both pre- and post-treatment. The decay slope
(m¼Dqpeak/oscillation) was calculated by linear regression
on the graph of maximal displacement vs oscillation number
for each specimen (Fig. 2). The intra-test data (the ﬁve tri-
als) were consistent both before and after treatment, so
they were averaged within each time point for each speci-
men. Paired t-tests were used to compare the pre- and
post-differences in coefﬁcient of friction, decay slopes,
and the number of oscillations to reach equilibrium between
the saline- and enzyme-treated knees (Fig. 2).
HISTOLOGY
One animal was used for histological analysis to evaluate
the structural effects of the injections on the articular carti-
lage. It was euthanized and both hind legs were harvested
immediately, dissected to expose the joint capsules and fro-
zen at 80C. On the day of preparation, the legs were
thawed, randomized by coin ﬂip to receive either an
intra-articular injection of 10 mL of normal saline or 1 Unit/
mL a-chymotrypsin, and then incubated for 2 h at room tem-
perature. Immediately following incubation, the joints were
disarticulated and the soft tissues removed. The distal
femur and proximal tibia were amputated and immersed in
10% formalin for a minimum of 72 h.
The specimens were then decalciﬁed in RichmaneGel-
fandeHill solution and bisected in the sagittal plane. They
were processed in a Tissue-Tek VIP 1000 tissue processor
(Model#4617, Miles, Elkhart, IN) and embedded in a single
block of Paraplast X-tra (Fisher, Santa Clara, CA) with the
bisection surface on the cutting face of the block. Blocks
were trimmed to expose tissue using a rotary microtome
(Model#2030, Reichart-Jung, Austria). The samples were
sectioned 6 mm thick, mounted on slides, and stained with
Gomori trichrome28. Adjacent sections were stained with
safranin-O/fast green29. The slides were viewed and photo-
graphed under light microscopy at 60 and 20,
respectively.
The specimens were subjectively compared by two inde-
pendent examiners for the presence, extent, and depth of
surface fragmentations in representative sections of the
surfaces of the distal femur and proximal tibia for each
Fig. 2. Sample output showing the decay response of the pendulum
following the initial 17 rotation about the FeE axis (qpeak) applied to
the pendulum.treatment condition. The tangential, transitional, and radial
layers in articular cartilage and chondrocytes were readily
visible in the histological sections30,31.
Results
PENDULUM ANALYSIS
Treatment with a-chymotrypsin signiﬁcantly increased the
m of the guinea pig knee by 74% while sham treatment
decreased it by 8%, on average (P< 0.001) (Table I). The
decrease in peak rotation about the FeE axis as a function
of oscillation number was nearly linear in both groups
before and after treatment (pre-saline mean r2¼ 0.98
(range 0.92e0.99); post-saline mean r2¼ 0.99 (range
0.97e0.99); pre-enzyme mean r2¼ 0.98 (range 0.96e1.0);
post-enzyme mean r2¼ 0.98 (range 0.93e1.0)) (Fig. 3).
The absolute value of the mean decay slope of the maxi-
mum angle vs cycle number curve increased (P< 0.001),
and the number of oscillations to reach equilibrium position,
the x-intercept of this curve, decreased with treatment
(P< 0.001) (Table I). Although rotations outside the sagittal
plane were not intentionally introduced, rotations about the
IeE and VeV axes of the tibia were also recorded, though
not affected by treatment. In the saline-treated limbs, the
mean IeE rotations were less than 5 pre-treatment and
less than 7 post-treatment, and the mean VeV rotations
were less than 5.5 pre-treatment and less than 4 post-
treatment. In the enzyme-treated limbs, the mean IeE rota-
tions were less than 10 pre-treatment and less than 9
post-treatment, and the mean VeV rotations were less
than 9.5 pre-treatment and less than 5 post-treatment.
LIGHT MICROSCOPY
There was no visible damage to the articular cartilage
and no evidence of osteoarthritic change in either the sa-
line- or a-chymotrypsin-treated knees. However, thinning
and fragmentation of the lamina splendens was observed
on Gomori trichrome sections of the distal femur and the
proximal tibia of the knee that was injected with a-chymo-
trypsin [Fig. 4(B and D)]. No damage to the lamina splen-
dens was observed in the saline control knee [Fig. 4(A
and C)]. Specimens stained with safranin-O/fast green
showed no differences in proteoglycan content between
the two treatment conditions (Fig. 5). No damage to the me-
nisci or capsular tissue was noted when the specimens
were prepared for histologic evaluation.
Discussion
The results of this study conﬁrm our hypotheses that
treatment with a-chymotrypsin increases the coefﬁcient of
friction in the Hartley guinea pig knee, while treatment
with saline has no signiﬁcant effect. Treatment with a-chy-
motrypsin increased the decay slope and decreased the
number of oscillations to equilibrium, indicating increased
frictional energy loss at the articular surface in the
enzyme-treated knee. Saline injection had no statistically
signiﬁcant effects on any of these parameters. The increase
in friction in the enzyme-treated knees corresponded to
thinning and disruption of sections of the lamina splendens
when observed under light microscopy (Gomori trichrome
stain). In the saline-treated control knee, the lamina
splendens was more continuous and notably thicker.
Proteoglycan content was similar in both specimens
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The means and standard deviations for the coefficients of friction (m), the decay slope (m), and the number of oscillations to reach equilibrium
(CN) measured before and after treatment with saline or a-chymotrypsin. The mean differences (pre-Tx minus post-Tx) between the saline-
and enzyme-treated specimens were significant (P< 0.001) for all three parameters. For all groups n¼ 10
Parameter Saline pre-Tx Saline post-Tx Enzyme pre-Tx Enzyme post-Tx
m 102 7.47 (2.35) 6.76 (0.59) 6.44 (0.91) 11.23 (1.31)
m (Dqpeak/oscillation) 0.16 (0.05) 0.14 (0.01) 0.13 (0.02) 0.23 (0.03)
CN 95.7 (19.8) 100.4 (8.9) 103.8 (17.9) 61.6 (9.4)(safranin-O/fast green stain) suggesting no damage to the
collagen network entrapping them. This was expected since
the intact helical collagen peptides are highly resistant to di-
gestion with a-chymotrypsin because the tertiary structure
conceals the enzyme binding site32,33. a-Chymotrypsin
was chosen to digest lubricin and other lamina splendens
constituents since this enzyme has been shown to expedi-
ently digest lubricating ability in vitro. The mucin domain of
lubricin contains no aromatic residues resulting in the diges-
tion of the N- and C-termini which disable lubricating abil-
ity34. No direct evidence of OA was noted in either
specimen. Histologically, there was no loss of proteogly-
cans, only thinning of the lamina splendens in the treated
knee was observed. Nonetheless, damage to the lamina
splendens and disruption of its lubricating ability are poten-
tial precursors to post-traumatic OA3,20,23,24.
The observation that increased friction correlated with
isolated damage to the lamina splendens is consistent
with studies evaluating the lubricating function of this layer
and its constituents. Kumar et al. found an increase in the
coefﬁcient of friction when oscillating osteochondral speci-
mens against glass following digestion of the articular
surface with alkaline proteases and conﬁrmed that the
digestion had removed the superﬁcial surface layer of the
cartilage by atomic force microscopy7. Lubricin is a mucin-
ous glycoprotein believed to be the boundary lubricant in
synovial joints. Lubricin is present in the lamina splendens,
within the chondrocytes of the superﬁcial layer, and free in
the synovial ﬂuid23,24,35,36. The friction-reducing function of
lubricin is supported by studies showing increased coefﬁ-
cient of friction values for bearings lubricated with synovial
ﬂuid following digestions with trypsin37,38, chymotrypsin37,
papain37, and galactosidase38.From our data it is not possible to establish the dominant
mechanism of joint lubrication when the knee is placed in
the pendulum apparatus, however, proteolytic digestion of
the boundary lubricant (i.e., lubricin) is a likely candi-
date23,39. The change in swing amplitude as a function of
time demonstrated nearly linear decay (Fig. 3), and noted
by the near-unity R values. This ﬁnding could be consistent
with boundary lubrication, in which the frictional energy loss
is linear and independent of sliding speed. However, a slight
curvilinear component of the curve was also apparent
(Fig. 3). The curvilinear component may be due to ﬂuid
ﬁlm lubrication. The relevance of the curvilinear component
and how it may change with OA progression remains
unknown.
Investigators have utilized the pendulum method to es-
tablish the relative contributions of boundary and ﬂuid ﬁlm
lubrication mechanisms by analyzing features of the rota-
tion decay curve under varying conditions of joint load, ini-
tial angle, and lubricating substances1,2,15. However,
Unsworth et al. concluded that the linear decay does not
necessarily imply boundary lubrication, since the exponen-
tial term representing the frictional contribution of ﬂuid ﬁlm
mechanics may be small relative to the friction resulting
from articular surface contact14.
Another factor that may explain the curvilinear compo-
nent in our study is the artifact produced by the intact joint
capsule and knee ligaments, which would also cause us
to overestimate the coefﬁcient of friction, particularly if
a large initial angle of rotation was used. Curvilinear artifact
is produced when energy is lost from the system due to the
straining of the other capsular structures of the joint5. We
sought to minimize this damping artifact by selecting a range
of FeE motion (135 17), which did not approach theFig. 3. Mean peak FeE rotation angle vs oscillation before and after treatment for the saline (A) and a-chymotrypsin (B) treated knees. The
error bars represent 1 standard deviation.
313Osteoarthritis and Cartilage Vol. 15, No. 3Fig. 4. Trichrome staining indicates that the presence of surface damage in the a-chymotrypsin-treated knee but not the saline-treated knee:
(A) saline-treated distal femur, (B) enzyme-treated distal femur, (C) saline-treated proximal tibia, (D) enzyme-treated proximal tibia. Note that
the lamina splendens is thinner and more fragmented in the sections from the a-chymotrypsin knee.terminal limits of ﬂexion or extension. This is particularly im-
portant for the knee, since this joint is a roller-slider bearing.
In our study, the values for the coefﬁcient of friction
(0.064e0.11) were slightly greater than those previously
cited by Charnley5 for cadaver ﬁnger, knee, and ankle joints
(0.005e0.024), and those found in other recent studies
(0.0018e0.016)3,4,11e13,39. The higher coefﬁcients of friction
could be explained by the capsular and ligamentous attach-
ments. Considering that an inverse linear relationship exists
between the load supported by the interstitial ﬂuid load and
the measured coefﬁcient of friction9,10,40,41, we felt it was
important to retain these structures to help preserve the in-
teraction of the multiple lubrication mechanisms that may bepresent in the intact joint. While the coefﬁcient of friction
values obtained may not represent the absolute values for
articular cartilage, the detectable changes that occur follow-
ing mild proteolytic enzyme treatment are relative to that of
the intact joint.
Several methods exist for calculating the coefﬁcient of
friction for a bearing at the axis of rotation of a pendulum.
We used Stanton’s equation, which is most commonly
used in the literature for calculating the coefﬁcient of fric-
tion3,4,11e13,27. Our calculation assumed that aerodynamic
drag was negligible relative to the frictional forces; an
assumption shared by the previous pendulum stu-
dies3e5,11e13,27,39. The drag caused by the wires attachedFig. 5. Safranin-O/fast green (tibial cartilage shown here) indicates no difference in proteoglycan content following treatment with either (A)
saline or (B) a-chymotrypsin.
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of the pendulum was also assumed to be negligible since
steps were taken to relieve any stress on the wires. Aerody-
namic drag is another potential source of the slight curvilin-
ear component of the amplitude decay curve. Preliminary
testing in our laboratory demonstrated no signiﬁcant damp-
ing effect when the LED technique was compared to a non-
contact video method for measuring the swing amplitude,
the number of oscillations to reach equilibrium, or the calcu-
lated values for the coefﬁcient of friction for the guinea pig
knee. We selected the former method since it was the
most efﬁcient one for post-processing.
A 300 g load was chosen because this is approximately
half the weight of an adult guinea pig and, as such, is within
the normal range of load experienced by the joint in vivo.
The joint ﬂexion angle of 135 17 was chosen based on
observation of the normal range of motion in live guinea
pigs (maximal passive ﬂexion limit was found to be 160).
A potential concern in our system is that the knee joint is
constantly compressed by the weight of the pendulum.
There is no equivalent to the swing phase of the normal
gait when the joint would be unloaded. For this reason,
the decay curves observed in this study do not allow us
to generalize about changes in the modes of lubrication in
the various stages of the gait cycle.
Our assumption that the knee functions as a hinged joint
when calculating the coefﬁcient of friction is another simpli-
ﬁcation. During knee ﬂexion, the femur translates posteri-
orly and rotates externally relative to the tibial plateau42,
but these movements are small compared to the main
FeE arc. The average magnitudes of rotation about the
IeE and VeV axes did not change signiﬁcantly following ei-
ther treatment condition, which supports the use of the two-
dimensional movement of the pendulum in the sagittal
plane for our analysis.
We conclude from these data that treatment with a-chy-
motrypsin disrupts the superﬁcial articular surface and
increases the coefﬁcient of friction of the intact Hartley
guinea pig tibiofemoral joint ex vivo. Future study will be
devoted to understanding the alterations in whole joint coef-
ﬁcient of friction caused by OA progression in vivo.
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